We tested the hypothesis that five daily sessions of visual cortex transcranial random noise stimulation would improve contrast sensitivity, crowded and uncrowded visual acuity in adults with amblyopia.
Introduction
Amblyopia is a developmental disorder of the visual cortex, with a prevalence of 1-5% [1] [2] [3] .
Amblyopia causes a wide range of vision deficits [4, 5] , including a monocular loss of highcontrast visual acuity [6, 7] that is particularly pronounced for crowded optotypes [8, 9] , reduced contrast sensitivity in the affected eye [6, [10] [11] [12] , and impaired or absent stereopsis [13, 14] .
Amblyopia is also associated with chronic suppression of the affected eye [15, 16] that may play a key role in the etiology of the disorder [17] .
Amblyopia involves abnormal processing within the primary and extrastriate visual cortex [18] and therefore recovery from amblyopia requires a change in cortical function. Current amblyopia treatments achieve this by directly manipulating visual input to the brain. For example, the most common amblyopia treatment involves the provision of a clear retinal image in the amblyopic eye using refractive correction followed by occlusion of the non-amblyopic eye. This treatment improves amblyopic eye visual acuity, but has drawbacks in terms of compliance [19] and reduced efficacy with increasing age [20] .
Transcranial electrical stimulation (tES) refers to a suite of non-invasive neuro-modulation techniques including transcranial direct current stimulation (tDCS), transcranial alternating current stimulation (tACS) and transcranial random noise stimulation (tRNS) that may enhance plasticity in targeted regions of the human brain [21] [22] [23] , including the visual cortex [24] [25] [26] .
Currently, tES methods are being investigated as a potential neurorehabilitation tool for disorders including stroke [27] [28] [29] [30] , chronic pain [31, 32] and tinnitus [33, 34] .
Following early work that reported improved contrast sensitivity in adults with amblyopia after visual cortex transcranial magnetic stimulation [35, 36] , a number of studies have investigated the application of anodal tDCS to amblyopia. A single session of anodal tDCS improves amblyopic eye contrast sensitivity [37, 38] , increases visually evoked potential (VEP) amplitudes induced by stimuli presented to the amblyopic eye [38] , and balances the response to inputs from each eye within visual cortex [37] . Furthermore, anodal tDCS enhances the effect of perceptual learning (PL) in adults with amblyopia [26] and recent studies have revealed that visual acuity, detection thresholds, and stereopsis improve in mature amblyopic rats following anodal tDCS [39] [40] [41] .
One potential mechanism for anodal tDCS effects in adults with amblyopia is a reduction in GABA-mediated inhibition [42] within the visual cortex. GABA has been associated with interocular suppression in strabismic cats [43] and may act as a "break" on visual cortex plasticity [44] .
A recently developed tES technique, tRNS, involves an alternating current that randomly changes in frequency and amplitude [45] . tRNS may have larger effects on cortical activity than other tES protocols. For example, tRNS induced significantly greater improvements in tinnitus symptoms [33] and larger increases in motor evoked potential amplitude (MEP) [21] compared to either tDCS or tACS. Furthermore, visual cortex tRNS enhanced visual perceptual learning in adults with normal vision to a greater extent than anodal tDCS [46] . Potential mechanisms for these effects include an acute enhancement of the signal-to-noise ratio within the visual cortex due to stochastic resonance [47] [48] [49] and longer-lasting alterations in neural membrane function due to repetitive opening and closing of sodium channels [50] .
Building on prior amblyopia tES studies, we tested the hypothesis that five daily sessions of visual cortex tRNS would lead to improved amblyopic eye contrast sensitivity, crowded and uncrowded amblyopic eye visual acuity in adult patients. We employed a single-blind, between subjects, randomized, sham-controlled study design and observed significant improvements for each of our outcome measures in the active tRNS group compared to the sham-stimulation (placebo) group. These effects did not persist at follow-up 28 days after the last stimulation session.
Methods and materials

Participants
Nineteen healthy adults with amblyopia (mean age 44.2 ± 14.9 yrs) participated ( Table 1) .
Participants were randomly assigned to the active tRNS group or to the control (sham) group.
Amblyopia was defined as reduced best corrected visual acuity (> +0.3 logMAR) in one eye in the absence of ocular pathology and at least a 0.2 logMAR acuity difference between the eyes.
Anisometropia was defined as a difference in spherical equivalent between the two eyes of ≥ 0.50 Diopters (D), or a difference of astigmatism in any meridian ≥ 1.50 D [51] . Initial visual acuity was measured using an M&S Snellen chart. Inclusion criteria were: (i) presence of strabismic and/or anisometropic amblyopia; (ii) 0.0 logMAR visual acuity or better in the fellow eye (FE). Exclusion criteria [52] [53] [54] [55] were: (i) presence of a scalp skin condition that contraindicated tRNS; (ii) history of neurological or psychiatric disorders, such as seizures; (iii) current medication for the treatment of neurological or psychiatric disorders; (iv) a history of brain injury; (v) implanted medical devices. Data were collected within a clinical optometric practice to provide a real-world clinical setting. Potential participants were contacted following a search of the clinic's patient database. Interested participants completed telephone screening to determine eligibility. The experimental procedures were approved by the Ethics Review Board of the University of Waterloo, Canada and were consistent with the declaration of Helsinki.
Written informed consent was obtained from all participants. All participants were remunerated for their time. Two subjects were excluded due to loss of follow up after first day ( Figure 1 ).
Procedure
A single-blind, sham controlled, between-subjects design was adopted. Randomization was conducted by an experimenter who was not involved in data collection or eligibility assessment using a random number generator. Randomization occurred after participants had met the eligibility criteria and completed study enrolment. Participants completed 5 consecutive daily stimulation sessions and a follow-up session 28 days after the final stimulation session.
Transcranial Random Noise Stimulation
Subjects either received tRNS (2.0 mA, current density: 0.08 mA/cm, frequency range 0.1-640 Hz) or placebo (sham) stimulation of the primary visual cortex for 25 min over 5 consecutive days. Stimulation was delivered using a DC-stimulation MC device (Eldith, NeuroConn GmbH, Germany). The stimulation was delivered via a pair of saline-soaked surface sponge electrodes (5 cm x 5 cm, 25 cm 2 ) placed at Cz (reference) and Oz (stimulating electrode) [56] , as determined by the international 10/20 electroencephalogram system. The AC current was initially ramped up to a maximum of 2mA over 30 s and ramped down to 0mA over 30 s at the end of the stimulation session. During sham stimulation, the 30 s ramp-up was immediately followed by the ramp-down out [57] . Our between subjects design and use of participants entirely naïve to noninvasive brain stimulation ensured that participants remained masked to their treatment allocation. Our application of tRNS conformed to tDCS safety guidelines [55, 58] . baseline day 3, baseline day 4, baseline day 5, baseline day 28) was conducted for each outcome measure for each eye. Pairwise comparisons across baselines were conducted to explore significant interaction effects. A significance threshold of p < 0.05 was adopted for all analyses.
Results
There were no adverse effects of tRNS. The majority of the participants in both the active and sham groups reported mild tingling sensations under the electrodes. Two participants in the sham group withdrew from the study after day 1 due to the time commitment required by the study and were excluded from the analysis (Figure 1) . A technical error prevented an accurate amblyopic eye contrast sensitivity measurement on day 1 for one participant in the active group. This participant was excluded from the amblyopic eye contrast sensitivity analysis only ( Figure 1 ).
Contrast Sensitivity
For the amblyopic eyes ( 
Crowded Visual Acuity
For the amblyopic eyes ( Figure 5 any group. As for uncrowded visual acuity, there was a substantial difference in baseline performance between the two groups that occurred by chance during randomization.
For the fellow eyes ( Figure 5, lower panel) , there was a significant interaction between Group and Time, F 3,45 = 6.324; p = .001, η p 2 = .297. No other omnibus main effects or interactions were significant. During day 1, the active group exhibited a significant improvement in crowded acuity from baseline for the post 5 (p = 0.023) and post 30 (p = 0.019) min measurements.
During days 3 and 5, the active group exhibited a significant improvement in crowded acuity from baseline to post 5 min (p = .009) and post 30 min (p = .022) respectively. No significant differences between baseline and any post-test were found for days 2 and 4. No significant differences between baseline and any post-test were found for the sham group. 
Cumulative and long-term effects of tRNS
For the amblyopic eyes, there was a significant interaction between Group and Baseline for 0.010), day 4 (p < 0.001), day 5 (p = 0.012), and day 28 (p = 0.001) baselines. However, no pairwise comparisons were significant for the sham group. There were no significant interactions for amblyopic eye contrast sensitivity or crowded visual acuity measurements or any of the fellow eye measurements.
Discussion
Our results partially supported our experimental hypothesis that five daily sessions of visual cortex tRNS would improve amblyopic eye contrast sensitivity as well as crowded and uncrowded visual acuity in adult patients. We observed tRNS-induced improvements in contrast sensitivity and uncrowded visual acuity relative to the sham group for both amblyopic and fellow eyes. Crowded visual acuity improved for the fellow but not the amblyopic eyes. Across all outcome measures, pairwise comparisons revealed that acute tRNS effects were statistically significant on days 1 and 2 but became non-significant for later sessions. Only amblyopic eye uncrowded visual acuity exhibited a lasting effect of tRNS at follow-up. Our discussion will focus primarily on the results for contrast sensitivity because initial baseline performance was matched between the groups. There were pronounced between-group baseline differences for amblyopic eye uncrowded and crowded visual acuity that occurred by chance during the randomization procedure (randomization occurred before baseline measures were conducted).
The difference in baseline performance for the acuity outcome measures make it difficult to properly segregate tRNS effects from task learning effects.
tRNS-induced improvements in contrast sensitivity
Our observation that visual cortex tRNS improved amblyopic eye contrast sensitivity is consistent with a growing literature reporting improved contrast sensitivity, visual acuity, stereopsis, and an enhanced cortical response to amblyopic eye inputs following non-invasive visual cortex stimulation in adults with amblyopia [26, [35] [36] [37] [38] 61, 62] . Two potential mechanisms have been proposed for tRNS effects: stochastic resonance and changes in the resting membrane potential [48, 63] . Stochastic resonance refers to an improvement in signal to noise ratio when a certain amount of noise (in this case neural noise induced by tRNS) is added to non-linear systems [47] . A number of psychophysical studies have provided compelling evidence that stochastic resonance occurs during visual cortex tRNS [24, [64] [65] [66] . It is possible that the duringstimulation improvements we observed on day 1 for amblyopic eye contrast sensitivity were due to stochastic resonance. However, tRNS aftereffects (i.e. effects that outlast the duration of stimulation) cannot easily be explained by stochastic resonance. Rather, aftereffects may be related to repeated opening and closing of sodium channels during stimulation that causes neural membrane depotentiation and increased cortical excitability. In agreement with this theory, blocking sodium channels appears to reduce the aftereffect of tRNS on motor cortex excitability [67] .
A previous study [36] reporting improved amblyopic eye contrast sensitivity following both excitatory and inhibitory visual cortex rTMS proposed a mechanism linked to cortical homeostasis. According to this hypothesis, excitatory stimulation has a more pronounced effect on weakly activated/suppressed neural populations whereas inhibitory stimulation has a greater effect on strongly activated populations. Therefore, both excitatory and inhibitory stimulation are capable of restoring a level of homeostasis to the amblyopic visual cortex by reducing the difference in activation between amblyopic eye dominated neurons (weak activation/suppression) and fellow eye dominated neurons (strong activation) [37] . This, in turn, reduces suppression and/or the relative attenuation of amblyopic-eye-driven neural activity. It is plausible that the excitatory tRNS we employed in this study acts through a homeostatic mechanism.
We also observed improved fellow eye contrast sensitivity in the tRNS group relative to the sham group. Non-invasive visual cortex stimulation studies have reported varying fellow eye effects. Studies using inhibitory stimulation protocols (1 Hz rTMS and continuous theta burst stimulation; cTBS) have reported reduced fellow eye contrast sensitivity [35, 36] whereas those using excitatory protocols (anodal tDCS and tRNS) [24, 38] , including the present study, observed improvements. This pattern of results is consistent with the homeostasis hypothesis which predicts relatively impaired fellow eye function following inhibitory stimulation and does not rule out improved fellow eye function following excitatory stimulation. This is because excitatory effects may still occur within neuronal populations dominated by the fellow eye, just to a lesser extent than those dominated by the amblyopic eye.
Successive and cumulative tRNS effects on contrast sensitivity
A day by day analysis of the contrast sensitivity data revealed that tRNS effects were pronounced for both eyes on day 1. However, the within-session tRNS effects waned across sessions, becoming non-significant by day 3 for the amblyopic eye and by day 2 for the fellow eye. This reduction in within-session tRNS effects was accompanied by stable session to session baseline performance indicating the absence of a cumulative tRNS effect on contrast sensitivity.
The waning of within-session effects is consistent with Clavagnier et al's (2013) study of repeated cTBS sessions in amblyopia, however cTBS did induce cumulative effects that improved baseline performance across sessions. One possible explanation for the waning of within-session tRNS effects and the absence of a cumulative effect on contrast sensitivity relates to stimulation intensity. The relationship between tRNS intensity and visual function improvement during stimulation is an "inverted U", whereby stimulation that is weaker or stronger than an optimum level has limited effects [48, 49] . Lasting changes in cortical excitability induced by prior sessions of tRNS might shift the optimal stimulation intensity towards lower levels, causing a waning of tRNS effects across sessions if stimulation intensity remains constant. If this is the case, tapering stimulation intensity across sessions would be a possible solution.
tRNS effects of crowded and uncrowded visual acuity
It is not possible to draw strong conclusions relating to the amblyopic eye datasets for crowded and uncrowded visual acuity because there were large between-group differences in baseline performance that occurred by chance. However, baseline group differences were minimal for the fellow eye datasets and the results followed those for contrast sensitivity very closely; significant differences between groups that were characterized by within-session improvements early in the experiment and a gradual waning of tRNS effects. This suggests that transient tRNS effects occur for a range of visual functions.
Conclusions
tRNS can induce short-term contrast sensitivity improvements in adult amblyopic eyes, however multiple sessions of tRNS do not lead to enhanced or long-lasting effects. In agreement with previous non-invasive brain stimulation studies, these results demonstrate considerable shortterm plasticity within the visual cortex of human adults with amblyopia. The combination of tRNS and perceptual learning has recently been reported to enhance the transfer of learning to non-trained visual tasks when compared to perceptual learning alone in adults with amblyopia [24] . Similarly, it has been demonstrated that anodal tDCS enhances the effects of binocular treatment on stereopsis in adults with amblyopia [26] . Multi-modal approaches to adult amblyopia treatment that combine non-invasive brain stimulation with other interventions represent a promising area for continued research.
